This paper presents the design of a system aimed at characterizing a diverse set of dielectric barrier discharge UV lamps. This experimental bench allows the study of the lamps performances regarding UV emission maximization and energy conversion optimization. It includes a current-mode pulsed power supply for the lamps, the design of which is detailed. This converter presents 3 degrees of freedom (DOF) can control and adjust independently the frequency, amplitude and duration of the current pulses injected into the lamps. Theoretical modeling of the lamps, by means of equivalent electrical circuits, is used to define the most interesting operating points to be explored, as well as for the converter's design; these models are afterwards validated by experimental tests on the entire set of lamps. The operation of the bench is controlled by a supervising program: the latter manages the data acquisition and performs sweeps of the DOFs of the pulsed current. Examples of analyzes, oriented toward optimization of electric to UV energy conversion, are shown.
Introduction
Dielectric Barrier Discharge (DBD) UV lamps are environmentally friendly (mercury free) UV sources with various applications, as disinfection, microelectronics, surface treatment, and skin phototherapy. The practical usefulness and applicability of currently available DBD excilamps has been demonstrated [16, 21] ; today, studies oriented toward their performance improvement are in development. This can be achieved by means of the reactor design optimization (geometry, filling mixture, pressure and materials) [3, 6, 11, 17, 24] , and also by choosing the proper electrical operating conditions [4, 8, 13, 14, 18, 19, 25] . The approach developed in this paper is aimed at performing system level optimization, integrating in the same step DBD reactor and power supply designs.
The impact of the electrical operating point (OP) over the DBD excilamps performance has been already reported by different teams [1, 10, 20, 21] . However, because the geometrical and gas mixture parameters of a DBD excilamp cannot be easily adjusted [9] and constructed, most of these studies are developed for a fixed lamp design. The impact of the DBD lamp geometry over the system's performances has not been widely reported.
Considering that maximization and optimization of the UV production is one objective of research groups working with excimer lamps, the development of a system able to vary the electrical parameters in the discharge, and having the possibility to characterize different DBD lamps is proposed here. This test bench needs to be versatile, in order to supply different DBDs under various operative conditions; it also varies the supply's characteristic and collects the measurements, in view of performances analysis and improvement. In this document the test-bench design is detailed and a prototype, tested for a set of UV excimer lamps, is presented.
With the aim to provide deeper insight and experimental evidence about the UV production dependence on the geometry of the DBD reactor, a set of nineteen diverse DBD exciplex UV lamps of coaxial type, has been built. As shown in Fig. 1 , the bulbs differ with the values of, T, the dielectric walls thickness, a the internal radius, b the external radius and l the length. Each one of the 19 bulbs presents a different set of geometrical parameters {T, a, b, l}; they all are filled with the same Xe-Cl gas mixture, under the same pressure.
The proposed study includes the design of a static converter capable of supplying these 19 different excilamps at different controlled electrical operating points. Additionally, the test-bench must be able to measure for each experiment the required variables in order to compare the performance of the lamps, in terms of the obtained UV power and also of the electrical to UV power conversion efficiency. The block diagram of the proposed system is displayed in Fig. 2 and can be divided in two main parts: the power supply and the acquisition interface.
From previous works a significant impact of the supplying conditions over the lamps performance has been evidenced. Particularly, the methodology proposed in [8, 13] makes use of a square-shape current waveform for the parametric study of DBDs. By means of the lamp current waveform (i D B D ), the lamp power can be controlled with three degrees of freedom (DOFs): duty cycle (D), current intensity (I) and frequency (f ) of the current pulses, as shown in Fig. 3 . Accordingly, the power electronic modules must be capable to deliver and vary these three parameters. The power supply consists of a DC adjustable current source in cascade with a full-bridge current inverter [8] . A step-up transformer is used to connect the bulb to the current inverter, in order to adapt the DBD peak voltage to the rating of the semiconductors.
The dimensioning and implementation of power supply converters for the proposed study is a challenge due to the wide range of the operating conditions imposed by the set of 19 lamps. According to the dimensions of the bulbs, the power range of this supply has been chosen to be from 0 to 500 W.
The power supply design process is presented in the following sections: first, the electrical model of each lamp is theoretically obtained as a basis for the converter design. Then, using this model and taking into account the different characteristics of the 19 bulbs, the operating range of interest, concerning the properties of the current pulses, is determined. Finally, the converter design is presented, pointing out the challenges of supplying such a different set of loads at this level of power (up to 500 W).
The second part of the test-bench, the acquisition interface, is a software that stores the measurements of the DBD instrumentation. It also sends the OP request (f, D and I) to the converters via the control board (FPGA), as shown in Fig. 2 . Details about this interface are given in Section 4.
DBD lamps under study
The nineteen coaxial DBD lamps, used for this work, present the configuration shown in Fig. 1 . and have different geometrical parameters that are categorized as:
• External diameter: with two different values, 25 mm and 45 mm. • Internal diameter: six different values varying from 5 mm to 30 mm in steps of 5 mm.
• Thickness of the dielectric barriers: three different values, 1 mm, 1.5 mm and 2 mm. All lamps have same inner and outer barrier thicknesses.
All the lamps have a length (l) of 600 mm. The gas mixture used to fill the lamp bulbs is Xe-Cl, producing a radiation wavelength at 308 nm. In order to design a power supply capable of driving all the lamps under study, initially, the electrical magnitudes are calculated using the simplified electrical model of the DBD developed in [7, 22, 27] , as shown in Fig. 4 .
In this model, C d is the dielectric series equivalent capacitance, C g the gas equivalent capacitance and V th the gas breakdown voltage. The values of C g and C d are estimated using the cylindrical capacitor Eqs. (1) and (2) . The Paschen's law in Eq. (3) is used to determine the breakdown voltage V th . 
In these equations, a, b, l and T are the geometrical parameters of the lamp, previously shown in Fig. 1 ; A is a constant which depends on the electron kinetic temperature, C is related to A and to the effective ionization potential V * (C = A V * ), p gas is the gas pressure, d is the distance between dielectrics (gas gap), and γ is the electron emission coefficient [28] .
In the approximations used in these three equations, the K g , K d , K th and K ′ terms are constants, which values are derived from measurements achieved on a previously identified bulb, having the same barriers material, gas mixture and pressure [9] .
With the geometry known for each lamp, the parameters of the electrical model are calculated, obtaining the ranges presented in Table 1 .
Operating points range
Once the 19 sets of (C d , C g , V th ) parameters for the electrical model are obtained, it is possible to find out the values of the amplitude (I) of the lamp current (i D B D ) and the peak voltage for each lamp, thanks to Eqs. (4) and (5) , deduced from work detailed in [3] .
P is the desired average electric power on the DBD (which maximum has been set to 500 W); D, I, and f are the three degrees of freedom of the i D B D current shape, controlled thanks to the current inverter (f, D) and the DC current source (J = I · n), n being the turns ratio of the step-up transformer. Fig. 5 presents, for the nineteen different lamps, the current pulse amplitude I, versus the f frequency for two different duty cycles (D = 5% and D = 100%) needed, according to Eq. (4), to obtain the maximum requested power (P = 500 W). As expected, the lower the duty cycle, the higher the I current amplitude. One can observe that the desired power is obtained, for D = 100%, with a relatively low I value (this value will define the operating conditions of the current inverter and the current source, considering that these converters control the J current in the primary side of the transformer). To avoid the oversizing of the current converters, the maximum value of I is set to 1.4 A. As a matter of fact, with this limitation, all the points associated with D = 5% will not reach 500 W. For this duty cycle, the specific power (power per unit of bulb length) will be maintained thanks to an outer metallic electrode of reduced length.
Combining Eqs. (4) and (5), it is possible to obtain Eq. (6), where it can be seen that the lamp peak voltage (V D B D ) does not explicitly depend on the duty cycle D.
For the same power level P = 500 W, Fig. 6 . presents the lamp peak voltage (V D B D ) versus frequency, for the 19 lamps.
This figure shows that the requested lamp voltage in low frequencies is up to 40 kV; thus, to avoid oversizing of the step-up transformer, the minimum operating frequency has been limited to 30 kHz. The maximum operating frequency has been set to 200 kHz, considering implementation aspects, as the speed of semiconductor devices and the limitation of magnetic materials. To conclude this section, we summarize below the operating range of the parameters for the i D B D pulses:
Converter design
After finding the operating range for the 3 degrees of freedom (I, D, f ), that will be used to make the characterization of the DBDs, the static converter's design is explained in this section.
Inverter switch selection
The selection of the inverter switches is performed under the assumption that the power can be delivered to the lamp independently of the transformer turns ratio, that will be chosen later. For that purpose, the product of voltage (taken from Fig. 6 .) and current (taken from Fig. 5 .-D = 100%) in each lamp is obtained for the most demanding case, resulting in the decaying curve shown in Fig. 7 . for a given lamp.
The obtained curve is compared to the product of the blocking voltage and the current rating of the candidate switches for the converter (flat lines in Fig. 7) . The operating points that are above the intersection between the lamp and switch curves are the ones that cannot be attained by the switch, regardless of the transformer turns ratio.
The switch is chosen using a compromise between its price and the number of reachable OP. Fig. 6 will be useful later to determine the value of the minimum operating frequency for the selected semiconductor device, keeping a blocking voltage less than the one allowed in the switch specifications.
Transformer
Once the switches have been chosen, the interesting OPs from Fig. 7 are tested for different transformer turns ratios (n). The points to be discarded are the ones where the peak voltage or the current in the lamp (seen in the primary side of the transformer) exceeds the ratings of the switch. The points with power losses in the switches greater than 30 W are also removed due to thermal limitation for the available cooling system (natural convection heatsink). Fig. 8 . shows the result of this analysis and the turns ratio is selected maximizing the number of reachable points, but also assuring a wide frequency range. In this case a turn ratio of 10 is selected.
Current source
To avoid the influence of the i D B D current ripple on the DBD performance, the frequency bandwidth of the current source which supplies the current inverter should be much higher than the maximum frequency of the latter. Since the lamp current has a maximum frequency of 200 kHz it is not possible to comply with this condition.
For this reason, parallel current choppers as shown in Fig. 9 , with an interleaved configuration increases the apparent frequency of the delivered current [2, 12] . In addition, this parallel configuration allows to reduce the average current in each switch. The maximum DC current being J = 14 A, the average output current of both DC current sources is 7 A, seen by each of their switch.
The maximum frequency of the current sources is defined by the ratings of the semiconductor devices, switching losses and the limitation of magnetic materials. The worst case in terms of current ripple happens when the maximum frequency on the inverter and the maximum frequency on each current source are similar, as shown in Fig. 10 . This figure plots the output voltage of the chopper v ch and the input voltage of the current inverter v B . L inductor which controls the current ripple at the input of the current inverter is defined by Eqs. (7)- (10) . The current ripple on the L inductor is defined by:
Being,
Assuming the approximation of the shape of the v B voltage, highlighted with the red slope (m) in Fig. 10 , the current ripple is defined by:
v B is a voltage that varies between -V D B D and +V D B D as shown in Fig. 10 . n is the transformer's turns ratio, f and D are the frequency and duty cycle of the current inverter, respectively, and f ch and D ch are the frequency and duty cycle of the current sources. Note that this converter differs from conventional DC-DC converters, because v B presents high frequency (at inverter's frequency) bidirectional changes. This fact implies a high inductance value to maintain a low current ripple.
Current source control
The peak current mode control is chosen for the DC current sources, using the IC TPS40180. The current set point (J) is sent to this current controller from the FPGA. The current is sensed with a shunt resistor placed between the source of the low-side MOSFET and the circuit ground.
The TPS40180 controller can receive an external clock, as shown in Fig. 11 , allowing the synchronization of two or more parallel current sources. The clock signals are generated by the FPGA, with a phase delay of 180 • , minimizing the current ripple. 
Working range
Once defined the different devices of the system, it is important to finally find out the actually accessible OP for each lamp. To do that, a cloud of OP is plotted for each lamp, varying f in steps of 5 kHz, D in steps of 5% and I in steps of 0.2 A.
These points are discriminated with colors, as shown for a given bulb, in Fig. 12 : the green cells are the most interesting OP for the experiment as their power lies between 400 W and 500 W. With the blue ones the injected power is less than 400 W.
The others are eliminated for various reasons: the orange ones do not ignite the lamp; the white ones (blank spaces over the green or blue OP) are eliminated because one of the following restrictions is exceeded:
• the peak voltage across the switches is higher than the maximum allowed value; • the power is higher than 500 W. One should remember here that peak voltages as well as the maximum power depend on the geometrical parameters (T, a, b, l) of the bulbs; for that reason, Fig. 12 shape and size change for each lamp.
Configuration and data acquisition interface
As explained in Section 1, the test-bench comprises a set of sensors, measurement instruments and also an acquisition system (interface and storage). Electrical measurements of the excilamp voltage and current are acquired using an oscilloscope LECROY HDO4024 with voltage probes TESTEC TT-SI 9110 and current probes LECROY AP015. The lamp temperature is monitored using the Omega OS210-150-300-800 sensor. The average UV power is measured with a Gigahertz Optik P9710 optometer and the UV instantaneous response is acquired using a Thorlabs PDA-25k photodetector, connected to the oscilloscope. Finally, the radiation spectrum is registered by means of an OCEAN-Optics 2000 spectrometer. All these measurements are acquired and saved for each experiment.
Once the safe operating points range for the excilamp under study is determined, the system is configured accordingly through the user interface specially developed for the test-bench, shown in Fig. 13 . This interface allows the following adjustments: the parametric sweep of the operating points (start, end and step values for each variable); the number of trials for each point and the delay between trials.
For each trial the interface saves the following measurements: the excilamp DBD average power, DBD Peak voltage, DBD frequency, DBD current intensity, DBD UV average power density, temperature and the wavelength spectrum (from 200 to 1000 nm). Also, the waveforms of voltage, current and UV are saved for each OP. Note that the system only starts the acquisition of the measurements when the system has detected that the OP introduced in the user interface is reached in the DBD excimer lamp. This means that all measurements are stable (steady state).
Several measurements are taken for the same operating point, allowing data post-processing, like the computation of error and arithmetical average. Once the averages are calculated in all measurements, these values are assigned to the corresponding OP to perform the analysis of the different DBDs. It is possible to characterize the different excilamps obtaining their electrical model (C d , C g and V th ), energy conversion performance and to investigate the impact of the lamp geometry in the aspects previously mentioned. With the data saved is also possible to accomplish a statistical analysis if required.
Simulation and experimental test
Some experimental waveforms are presented in this section; the latter are compared with the simulation results of the lamp-supply model used for the design of the test-bench.
Comparison between theoretical, simulation and experimental results
To validate the theoretical analysis of the DBD power supply, the simulation software PSIM is used. The curves displayed in Fig. 14. correspond to the OP with f = 170 kHz, D = 15%, I = 1.4 A, and the electrical model of the DBD with the following parameters C d = 204 pF, C g = 67 pF and V th = 2.43 kV.
For the same OP, Fig. 15 . shows the experimental waveforms for the DBD voltage (V D B D ) and the DBD current (i D B D ).
The simulation and the experimental tests are in good agreement with the theoretical analysis, as shown in Table 2 (first column gives the theoretical values obtained with the equations used for design). [23] . Fig. 16 , shows the comparison for the threshold voltage, V th . The lamps are labeled, in the X -axis for this figure, from L01 to L19 and are ordered by the length of the gas gap. The lamps with big gas gaps are in good agreement with the approximation given in Eq. (3) . For small gas gap lamps, the approximation should be improved. Fig. 17 , presents results concerning the dielectric capacitance, C d . The order in the X -axis is selected according to the geometrical expression proposed for the approximation in Eq. (2) (
. This approximation has a big error for the three first lamps, which present too small difference between the external and internal electrode (gas gap of 1 mm). As the gas gap increases the approximation is better. , related to bulb geometry.
Figs. 16 to 18 show that the increasing and decreasing trends are the same for the theoretical and experimental parameters of the model. However, adjustment of the approximations used for Eqs. (1) to (3) should be done, since there are considerable errors for several lamps. These errors could be a consequence of using, in the approximations, the same constants from a single identified model in previous work. The identification through the Manley's diagram of the different lamps should improve the approximation and are a good tool for future design.
Another comparison between theoretical and experimental results is presented in Fig. 19 : the lamp peak voltage and the lamp power are both displayed. This figure shows the results for only one lamp and similar agreement are obtained for the other 18 lamps. These results confirm that the electric model and the values calculated theoretically are the right support for the converter design. 
System validation
In order to validate and put forward the capabilities of the test-bench, a parametric sweep is performed for one of the lamps and the results are shown in Fig. 20 . In this figure, the average UV specific power vs the electric power on the DBD is observed for different values of current intensities (I). For this experiment, 10 different measurements are taken for each operating point. Each point shown in Fig. 20 corresponds to the average of those 10 values. The entire set of operating points present a standard deviation of 2.3% concerning the value of the electric power and 4.9% for the UV measurement.
The results show that the same amount of electric power could deliver different values of UV radiation, implying that the three DOF (f, D and I) influence the energy conversion efficiency of the lamp, since the same electric power could be injected to the lamp with different combinations of these three DOF as can be seen with Eq. (4). For instance, in Fig. 20 , it is possible to observe the positive impact that the high values of current intensity have over the UV radiation: the green square points are mostly above the yellow diamonds and the blue circle points.
The results obtained in Fig. 20 are the characterization of one lamp as a function of one DOF, similar figures can be obtained for different electrical parameters. For example, in Fig. 21 , the current (I) is maintained at a constant level and variations of the duty cycle and the frequency (D and f ) are performed in order to point out the influence of the discharge ON-time (time during which the gas is ignited) on the UV radiation. Here, the UV radiation as a function of the electric power is plotted again, with the discharge ON-time grouped in small ranges. Here one can observe an influence of the discharge ON-time on the energy conversion efficiency.
Results shown in last figures agree with previous experimental works, where the current amplitude and the pulse duration have an influence over the lamp efficiency [5, 15, 26] . This is only a sample of the possible analyses that can be performed using the test-bench developed in this paper, that will help the designers of DBD lamps and power supplies with the optimization of the system-level efficiency.
Conclusions
The procedure to design a characterization test-bench for DBD excimer lamps has been explained and validated with a set of 19 different lamps.
The theoretical modeling of the lamps, necessary to perform the dimensioning of the power supply, is found to be relatively accurate. The inverter switches are selected based on a good balance between cost and the number of interesting operating points that are attainable. The transformer turns ratio is also selected maximizing the interesting operating points that are attainable and the most desired frequency range.
According to the frequency range of the current pulses (f max = 200 kHz), the realization of the DC current source, which needs to present an even higher frequency is a real challenge. With the current limitations of the semiconductors, the most relevant solution is the implementation of parallel current source converters in interleaved configuration, enabling a reduction in the output current ripple and multiplying the apparent switching frequency.
The system has the capability to automatically collect data changing electrical and geometrical parameters, helping with the UV process optimization in excimer lamps.
